The feasibility of coupling an agar culture enrichment step with gene amplification (ACE-PCR) as a means to improve turnaround time and detect Mycobacterium paratuberculosis (Mpt) in the presence of contaminants was investigated. Fecal samples from 463 Pennsylvania dairy cows were cultured in duplicate sets. One replicate from each set was processed and interpreted according to standard culture (SC) protocol, whereas cultures from the second replicate were harvested at 6 weeks postinoculation; DNA extracts from the harvested material were evaluated by a polymerase chain reaction (PCR) test for the Mpt-specific IS900 gene. One hundred seventy-six of 463 culture sets were positive by either method. One hundred sixty-five of these (94%) were ACE-PCR positive, and 151 (86%) were positive by SC. Eleven SC-positive samples were ACE-PCR negative, and 9 ACE-PCR-positive samples were negative by SC; these discrepancies could be a consequence of a low organism burden (Յ5 organisms/g) or slow growth rate of Mpt in cultures of these samples. One hundred thirty-nine of 463 culture sets (30%) were reported as inconclusive because of culture contamination according to SC protocol; 16 of these (11.5%) were ACE-PCR positive. Seventy-four ACE-PCR-positive sets (42% of all positives) were negative or inconclusive by SC at 6 weeks postinoculation. Agar culture enrichment prior to IS900 PCR testing significantly improves Mpt culture turnaround time and sensitivity.
Johne's disease is a chronic intestinal disease of domestic and wild ruminants that is caused by Mycobacterium paratuberculosis (Mpt). Typically, Mpt initially localizes in the ileum; as a consequence of the host's cellular immune response to bacterial replication, the animal's ability to absorb nutrients through the intestinal wall is greatly impaired, leading to wasting and eventually to death. The progression of disease is insidious: clinical disease follows only years after initial infection, which most often occurs within the first 6 months of life. Infected animals can shed increasing numbers of Mpt in the feces before the onset of clinical signs, contaminating the environment and renewing the cycle of infection.
The impact of Johne's disease is particularly significant in dairy cattle. The National Animal Health Monitoring System estimated that 21.6% of dairy herds in the US are infected with Mpt. Calves under 6 months of age are most susceptible and are usually infected by ingestion of contaminated feces. However, the use of pooled milk or colostrum from infected cows can pose a significant risk to replacement calves. 24, 27 Studies have shown that Mpt-infected cows may have acquired the organism in utero. 19, 28 Because of the slow progression of the disease, cows often exhibit clinical signs (profuse, watery diarrhea and wasting) only after the third or fourth lactation. 30 The loss of husbandry investment, milk production, and replacement calves resulting from culling clinically ill animals is compounded by the reduction in their salvage value because of wasting. In infected herds that lose 10% or more of their cull cows to clinical signs compatible with those of Johne's disease, producers average an annual loss of $227 for each animal in the herd (National Animal Health Monitoring System). In wellmanaged herds, infected animals may be culled before the onset of clinical signs, masking the presence of the infection.
The relatively high national prevalence of Mpt-infected cattle may have public health implications. The continuing controversy over the association of Mpt with Crohn's disease, 2, 8, 11, 17, 18 a granulomatous ileocolitis in humans, has been heightened by the recent debate concerning the possible survival of Mpt in pasteurized milk. 14, 23, 25 Accurate diagnostic tests for Johne's disease, therefore, are important to enable the culling or segregation of infected animals and the identification of disease-free replacement animals to maintain the economic viability of dairy farming and ensure wholesome, inexpensive dairy products. Serologic tests such as agar gel immunodiffusion, complement fixation, and enzyme-linked immunosorbent assay (ELISA) are relatively quick and inexpensive. These tests can be effective when used to support a clinical diagnosis of Johne's disease. ELISA is also useful for estimating the prevalence of Mpt infection in a herd. 21, 26 However, these methods are not sensitive enough to evaluate clinically normal animals outside the context of the herd. Organism detection procedures are considered to be the most reliable for detecting Mpt infection in cattle. 21, 32, 34 Fecal culture for Mpt can detect as few as 10 colony-forming units (cfu)/g 34 and requires little investment in equipment, is technically simple to perform, and is semiquantitative. The latter characteristic allows culling of infected animals to be prioritized. However, because of the slow growth rate of Mpt, fecal culture can take up to 16 weeks to complete. This prolonged turnaround time favors the growth of bacterial and fungal contaminants that survive the decontamination process. These contaminants can overtake culture slants, rendering them unreadable, and can reduce culture sensitivity and may require additional effort for reculture.
Nucleic acid detection tests offer turnaround times within 72 hours and are theoretically unaffected by the presence of contaminating normal flora. Most of these assays use IS900 as the target molecule. 4, 6, 9, 30, 31, 35 Because 10-20 copies of this Mpt-unique insertion sequence are present in each bacterium, 3,10 polymerase chain reaction (PCR) amplification of this gene would be expected to be a significant factor in the improvement of organism detection sensitivity. Unfortunately, currently described direct nucleic acid detection assays are less sensitive than fecal culture, even when PCR technology is applied. 9, 30, 33 Researchers at Cornell University devised a hybrid organism detection approach, amplifying Mpt DNA extracted from agar culture slants as early as 4 weeks postinoculation (p.i.) (Y. F. Chang, personal communication). This approach conceivably combines the advantages of culture and nucleic acid detection. Preceding PCR with an agar culture enrichment (ACE) step may increase the number of template molecules available and dilute inhibitors present in the sample, thereby improving the accuracy of PCR testing. The objective of this study was to evaluate ACE-PCR as a means to reduce turnaround time and minimize the effect of culture contaminants without compromising test sensitivity.
Materials and methods

Specimens. Individual fecal samples collected from 463
Pennsylvania dairy cows comprised the study group. Each sample was submitted for culture in support of either clinical diagnosis, herd certification program requirements, or herd test-and-cull programs.
Standard culture (SC). Two grams of feces were decontaminated by the double incubation-centrifugation method described elsewhere. 34 This material was used to inoculate 4 slants of Herrold's egg yolk medium containing 2 mg/liter mycobactin J a ; 1 culture was defined as a set of 4 slants inoculated from a single fecal sample.
Study design. Each fecal sample was processed simultaneously in duplicate by decontamination and inoculation procedures as described above; 1 replicate was used for SC evaluation of the sample, and the second was used for ACE-PCR. SC and ACE-PCR replicates taken together defined a culture set. SC replicates were examined for Mpt growth at 6 wk p.i.; cultures that were negative or inconclusive (see below) were reincubated for an additional 6 wk, when final results were recorded. At 6 wk p.i., ACE-PCR replicate cultures were harvested with an inoculating loop dragged across the surface of all 4 slants, and the collected material was suspended in 1 ml 1 ϫ TEN (10 mM Tris-HCl, pH 8.0, 1 mM ethylenediaminetetracetic acid [EDTA], 0.1 M NaCl).
SC culture interpretation. SC cultures were considered negative if no growth of Mpt or contaminating organisms was observed on any of the slants. Cultures showing outgrowth of contaminants on 1 or more slant but no visible Mpt growth were regarded as inconclusive. Cultures yielding growth consistent with the colonial and acid-fast staining morphology of Mpt were considered suspicious; identity as Mpt was confirmed by PCR for IS900 described below. Colonies were counted on all SC-positive cultures and divided by 4 to yield an average colony-forming unit (CFU) count per slant. These results were used to group positive source animals into 2 broad categories: moderate-to-heavy shedders (Ն10 CFU/slant) and light shedders (0.25-10 cfu/slant).
DNA extraction. DNA was extracted from ACE-PCR culture harvests by a modified guanidine isothiocyanate-glass bead lysis method. 12 Alcohol-precipitated DNA extracts were resuspended in 30 l molecular biology-grade H 2 O.
PCR. The segment of IS900 amplified and primers used were previously characterized. 31 Each 50-l reaction contained 200 M each of dATP, dCTP, and dGTP; 1,000 M dUTP; 3.0 mM MgCl 2 ; 10 mM Tris-HCl, pH 8.3; 50 mM KCl; 0.01% gelatin; 0.5 M each of primers IS900/150C (5Ј-CCGCTAATTGAGAGATGCGATTGG-3Ј) and IS900/ 921 (5Ј-AATCAACTCCAGCAGCGCGGCCTCG-3Ј); 1 U uracil-N-glycosylase (UNG b ); 2.5 U Taq polymerase c ; and 2 l of DNA extract. In addition, each batch run included positive and template-negative controls, as well as a UNG control (IS900 amplicons containing dU residues). After UNG pretreatment (50 C, 10 min) and inactivation (95 C, 10 min), PCR amplification was performed with 5 cycles of denaturation at 95 C for 1 min, annealing at 55 C for 4 min, and extension at 72 C for 1.5 min; then 28 cycles of 95 C for 1 min, 55 C for 1.5 min, and 72 C for 1.5 min; followed by a final cycle of 95 C for 1 min, 55 C for 1.5 min, and 72 C for 3 min in a thermal cycler. Samples yielding negative results were retested with 10 l of DNA extract in the PCR setup. To determine the effect of template volume on detection efficiency, 10-l aliquots of samples previously PCR positive with 2 l DNA extract were amplified again.
PCR product analysis. Five microliters of each amplified sample was electrophoresed in a 3% high-resolution agarose d minigel at 65 V for 2.5 hr and stained in 0.01% SYBR Green I d for 45 min. Interpretation of results was based on the presence or absence of a single 229-bp band that comigrated with the positive control band.
PCR analytical sensitivity. In order to determine the lower limit of detection of IS900 by the PCR assay described above, the IS900 amplicon was cloned with a commercial kit. e The resulting 2,996-bp plasmid, designated pSDL8, was used to transform Escherichia coli. The presence of a single IS900 amplicon insert in this construct was confirmed by single restriction endonuclease digestion with Cfr 10I, f BamHI, f and EcoRI f according to the manufacturer's instructions, followed by agarose gel electrophoresis and staining in SYBR Green I. Escherichia coli containing pSDL8 were grown overnight in 100 ml NZY broth with 100 g/ml ampicillin. Plasmid DNA was extracted and purified with commercial reagents, e then linearized with EcoRI. This preparation was diluted to contain 5 ϫ 10 9 pSDL8 molecules/l, and 9-10-fold serial dilutions were made from this. Five 2l aliquots of each dilution were used as template in the PCR assay described above. After PCR, replicates from each dilution were pooled, and 5 l of each was analyzed by agarose gel electrophoresis as described above.
Statistical analysis. Relative test sensitivities and 95% confidence intervals were calculated for each test, and the results were compared by McNemar's test. These analyses were performed separately on light and moderate-to-heavy shedder groups as well as on all positives.
Results
Culture results. Of the 463 fecal samples evaluated, 176 were positive by either ACE-PCR or SC. Ninetyfour of the positive samples were from cows shedding moderate-to-large numbers of Mpt in their feces, whereas the remainder (82) came from light shedders. The latter number includes samples yielding ACE-PCR-positive, SC-inconclusive and ACE-PCR-positive, SC-negative results. One hundred thirty-nine SC replicates (30%) were scored SC inconclusive. SC replicates from animals shedding large numbers of Mpt typically yielded growth that appeared evenly distributed over the 4 medium slants inoculated. However, subconfluent growth of some bacterial or fungal contaminants appeared to have a strong inhibitory effect on colony formation. SC replicates from animals shedding low numbers of Mpt yielded patterns of growth that suggested an uneven distribution of organisms among the culture medium slants. Although the average colony count for SC-positive, ACE-PCR-negative samples was 1 CFU/slant, growth was most often seen on only 1 or 2 of 4 slants. At 6 weeks p.i., SC detected 91 positive samples, including 81 moderate-to-heavy shedders and 10 light shedders. ACE-PCR detected 165 positive samples, including all samples detected by SC at 6 weeks p.i. as well as 13 from moderate-to-heavy shedders and 36 from light shedders that were found by SC at 12 weeks p.i. In addition, ACE-PCR identified 9 SC-negative and 16 SC-inconclusive samples (11.5% of inconclu-sives) from light shedders. In all, 74 ACE-PCR-positive sets (42% of all positives) were negative or inconclusive by SC at 6 weeks p.i. By 12 weeks p.i., SC detected 11 ACE-PCR-negative samples from light shedders ( Table 1 ). Thirteen of the 16 animals that were ACE-PCR positive, SC inconclusive had been tested for antibodies to Mpt by a highly specific 15, 20 ELISA g prior to this study. Ten of these were ELISA positive; the remaining 3 were negative but came from a culture-positive herd. Three of the 8 ACE-PCR-positive, SC-negative cows had also been tested previously and were also ELISA positive. The agreement between testing methods was good and was only marginally affected by SC-inconclusive results (kappa ϭ 0.876 without inconclusives; kappa ϭ 0.827 for all results).
Relative test sensitivity. Inclusion of SC-inconclusive results reduced the sensitivity of SC much more than it increased ACE-PCR sensitivity ( Table 2 ). The ability of ACE-PCR to detect Mpt was significantly greater than that of SC read at 6 weeks p.i., regardless of the degree of shedding (Table 3 ). SC at 12 weeks p.i. was similar in performance to ACE-PCR when SC-inconclusive results were excluded; however, ACE-PCR was significantly more sensitive than SC at 12 weeks p.i. when ACE-PCR-positive, SC-inconclusive results were interpreted as SC ''nonpositive.'' Overall, ACE-PCR results from moderate-to-heavy shedders were identical to those from SC at 12 weeks p.i. Both methods agreed well for samples containing low numbers of Mpt when inconclusive results were excluded from analysis. However, ACE-PCR was significantly more effective at detecting low numbers of organisms when all results were examined ( Table 3) .
Effects of PCR template volume. Seventy-five percent (132) of the samples were positive when either DNA template volume was used for IS900 PCR. One hundred fifty-eight samples (90%) were positive by ACE-PCR when 2 l of DNA template was amplified. Increasing the volume of amplification template to 10 l when reamplifying ACE-PCR-negative DNA extracts led to the detection of an additional 7 ACE-PCR-positive extracts. ACE-PCR based on amplifi- cation of the larger volume of DNA extracts alone detected 139 positive samples (79%). PCR analytical sensitivity. The PCR assay used in this study enabled the detection of one IS900 gene equivalent in the reaction mixture ( Fig. 1 ). Because the Mpt genome contains 10 or more copies of IS900, it is theoretically possible to detect a single organism by applying the reaction conditions used here.
Discussion
The success of paratuberculosis control programs requires accurate and timely identification of animals most likely to transmit disease, i.e., those shedding Mpt in their feces. The longer these animals remain at large in the herd, the more the livestock environment becomes contaminated, placing uninfected animals at greater risk. The long period of time required for the organism to grow in culture translates into an extended opportunity for infected animals to transmit Mpt to other animals in the herd. The improvement in turnaround time afforded by ACE-PCR can reduce the time of exposure of the herd to infectious animals by as much as 10 weeks.
Because of the specificity of the PCR, ACE-PCR is insensitive to the presence of contaminants, which complicate the accurate interpretation of Mpt culture results. Very low numbers of some bacterial contaminants, including acid-fast organisms other than Mpt, can completely inhibit the growth of Mpt in culture. 16 Contaminant-associated Mpt growth inhibition has been observed by the authors on several occasions. On the basis of recommendations for a standardized fecal culture protocol, 32 many laboratories will interpret a culture as negative if 2 or more slants are free of contaminant growth. In light of the findings presented herein, this criterion may be too lenient. Although the proportion of SC-inconclusive samples found positive by ACE-PCR (11.5%) in this study may be considered minor, growth-inhibitory contaminants appear to be found more often in some herds than in others (unpublished observations). Consequently, culture-based estimates of disease prevalence in these herds may be underestimated. Because of the large numbers of Mpt shed in the feces, contamination seldom affects the accurate interpretation of cultures from clinically ill cows. However, if very low numbers of Mpt are present in the inoculum, even slight contaminant growth can interfere with Mpt colony formation. Through the use of ACE-PCR, the need for reculture of these samples is eliminated, and potential misinterpretation of culture results can be avoided.
Some of the discrepancies between methods may be a consequence of the specimen decontamination process. Fecal samples are diluted 8-fold during this step, which may result in the exclusion of Mpt from inocula prepared from samples with a low (Յ5 organisms/g) organism burden. This effect can be exaggerated by the tendency of Mpt cells to form aggregates.
For those samples that were ACE-PCR negative, SC positive, growth at 6 weeks p.i. may have been insufficient to be detected by PCR. Alternatively, substances that were not removed in the purification process may have inhibited the amplification of very low amounts of Mpt DNA. This possibility appears to be consistent with the observed reduction in the relative sensitivity of ACE-PCR when the DNA template volume was increased because an increase in sample volume would increase the concentration of inhibitory substances present in the reaction mixture. Although the PCR conditions used here enable the detection of one IS900 copy (and thus the equivalent of less than 1 organism), it is important to note that, because the multiple copies of IS900 are linked on the bacterial chromosome, they sort in solution as a unit. Thus, it is also possible that the number of Mpt genome copies in the template preparations from these samples was so low that they were excluded from the reaction mixture. Mpt DNA was detected in 7 samples only when a larger template volume was used for IS900 amplification. The sensitivity of ACE-PCR is maximized by first testing 2 l of each DNA extract, then amplifying 10-l aliquots of all extracts that were initially negative.
It seems reasonable to assume that samples with ACE-PCR-positive, SC-inconclusive results came from cows shedding low numbers of Mpt; all of these cultures had at least 1 uncontaminated slant, and all but 2 had 2 or more slants without contamination. One may argue that DNA contamination may have influenced ACE-PCR results; however, standard practice during this study included the temporal and spatial separation of all aspects of PCR testing. Additionally, the UNG treatment incorporated into each PCR completely digested 1 l of dU containing IS900 amplicons prior to amplification. Had this treatment failed, this amount of DNA would have been detected easily by agarose gel electrophoresis, regardless of further amplification. Therefore, most probably, the ACE-PCR-positive results here reflect a true positive state. PCR may have detected organisms that were nonviable or sublethally injured in the culture system used. Although the Cornell culture protocol has been considered superior to other commonly used culture assays, 34 a recent report has found this method inferior for Mpt cultivation. 22 New methods for detecting Mpt in feces are compared with SC as the gold standard. 30, 33, 34 In some evaluations, SC-inconclusive results are often excluded from sensitivity analyses, leading to an overestimation of SC sensitivity. 22 Misinterpretation of an inconclusive result as negative can reduce SC test sensitivity. Both of these instances have been demonstrated here. The inconclusive result is a real-world event that must be taken into account when comparing any Mpt organism detection method with SC.
We believe that ACE-PCR is more sensitive than direct nucleic acid detection methods currently described for Mpt principally because of enrichment of the target by culture. Whereas feces are known to be inhibitory, specimen processing techniques and the proportionately low volume of DNA extract used in the amplification reaction are generally sufficient to dilute out inhibitors and result in the detection of a PCR product, given that Mpt DNA is present in the amplification mixture. In one study, 30 use of a 1:100 dilution of fecal samples led to the reliable detection by PCR only for specimens containing more than 500 organisms/g. In this investigation, PCR testing of an effective 1:120 dilution of the original sample consistently detected animals shedding 1-10 CFU/g. How much enrichment is needed for Mpt to be consistently detected by PCR is not clear. A recent study 35 found that although Mpt DNA could be detected from feces by PCR in as little as 2 weeks of enrichment in modified BACTEC 12B medium, some specimens required up to 7 weeks of growth in culture before the PCR was positive. Quite possibly, culture harvesting at 4 weeks p.i. or less would produce satisfactory results, but the choice of enrichment medium used must be considered carefully in concert with enrichment period; one study 9 found that 3-weeks enrichment in supplemented Dubos broth followed by PCR was less sensitive than fecal culture.
ACE-PCR is similar to an approach that has been in use in human clinical laboratories for over a decade, in which mycobacteria are detected in radiometric broth culture with species-specific radioactive or chemiluminescent probes. 15 This approach may afford some advantages over ACE-PCR. Growth of organisms is more rapid in broth than on agar media and is detected by an instrument that measures 14 CO 2 derived from 14 C-labeled palmitate by bacterial metabolism. As a result, one can perform specific nucleic acid detection assays on those specimens most likely to be positive rather than assaying all specimens at a single timepoint p.i., as is the case with ACE-PCR. In addition, the culture system is automated, facilitating high testing throughput. Radiometric culture methods have been modified to support growth of Mpt 7 and have yielded detectable growth sooner than conventional culture on HEYM. 5, 13 When IS900 PCR was combined with radiometric culture, growth of Mpt in tissues could be detected in as little as 1 week after inoculation. 6, 35 The relatively recent introduction of fluorometric culture systems eliminates the problems associated with handling radioactive waste generated by radiometric culture without affecting recovery rate or turnaround time significantly. 1, 29 Unfortunately, the costs of dedicated instrumentation may preclude adoption of these systems by many veterinary diagnostic laboratories. ACE-PCR is an affordable means to improve diagnostic testing service for Mpt. The addition of an IS900 PCR step to the standard culture protocol is estimated to increase culture costs by $2.00/sample. The 50-60% reduction in culture turnaround time and improvement in relative sensitivity may outweigh this increase. The 6-week timepoint used in this study was selected primarily as a cost containment consideration; however, the use of a solid agar medium as an enrichment medium also allows the semiquantitative evaluation of visible growth. Because Mpt growth can be detected visually in many cultures (including most of those taken from clinically ill animals) at 6 weeks p.i., the additional expense associated with PCR would be unnecessary. Only those cultures with no visible Mpt growth, regardless of contamination, would need to be harvested. Mpt culture turnaround time could thus be dramatically reduced with a limited impact on costs associated with testing. Improvements in culture media and methods 22 could be expected to reduce ACE-PCR turnaround times even further.
